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ASSESSMENT OF PLUTONIUM EXPOSURE IN THE ENEWETAK
POPULATION BY URINALYSIS
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Abstract—Since 1980, the inhabitants of Enewetak Atoll have
been monitored periodically by scientists from Brookhaven
National Laboratory for internally deposited radioactive ma-
terial. In 1989, the establishment of fission track analysis and
of a protocol for shipboard collection of 24-h urine samples
significantly improved our ability to assess the internal uptake
of plutonium. The purpose of this report is to show the
distribution of plutonium concentrations in urine collected in
1989 and 1991, and to assess the associated committed effective
doses for the Enewetak population based on a long-term
chronic uptake of low-level plutonium. To estimate dose, we
derived the plutonium dose-per-unit-uptake coefficients based
on the dosimetric system of the International Commission on
Radiological Protection. Assuming a continuous uptake, an
integrated Jones’s plutonium urine excretion function was
developed to interpret the Enewetak urine data. The Appendix
shows how these values were derived. The committed effective
doses were 0.2 mSv, calculated from the 1991 average pluto-
niam content in 69 urine samples.
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INTRODUCTION

EneweTak AToLL, in the Republic of the Marshall Islands
(RMI), lies within the former Pacific Proving Grounds
and was chosen as the site for nuclear testing from 1948
to 1951 because of its remoteness location and its
geological features. In December 1947, the United States
relocated all 136 residents of Enewetak to Ujeland Atoll
before starting a program of nuclear-weapons tests.
Forty-three tests were conducted between 1948 and 1951
resulting in radiological contamination of the atoll. Plu-
tonium activities measured in the top 2 cm of the soil
ranged from 0.4 to 17 mBq g~ ' with a median of 4.4 on
Enewetak Island (Wilson et al. 1975). From 1972 to
1978, major efforts were made to remove the top 30 cm
of soil from the Island; then, the soil was buried on Runit
Island, located at the northern Enewetak Atoll. The
cleanup guidelines were (1) the soil should be removed if
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the plutonium concentration exceeded 15 Bq g~' (400
pCi g™1); (2) soil could be left in place if the concentra-
tion was less than 1.5 Bq g~"' (40 pCi g™ "); and (3) for
concentrations ranging between 1.5-15 Bq g~', a deci-
sion should be made on a case-by-case basis (DNA
1981). Repatriation of the Enewetak population was
begun immediately after the cleanup programs. Now, the
largest inventory of plutonium on Enewetak Atoll re-
mains in the sediments of the lagoon (Wilson et al. 1975;
Nevissi and Schell 1975; Robison et al. 1978, 1980,
1987).

Since 1957, members of the Marshall Islands Pro-
gram at Brookhaven National Laboratory (BNL) have
routinely visited RMI to assess the acceptability of the
Enewetak population living on the island by determining
their internally deposited radionuclides using whole-
body counting and urinalysis methods (Greenhouse et al.
1980; Miltenberger et al. 1981; Lessard et al. 1984;
Conard 1992; Sun et al. 1992, 1995). The purposes of
this report are to describe the new protocol established
for collecting urine samples in 1989 and 1991, to show
the distribution of plutonium concentrations using fission
track analysis (FTA) urinalysis, and to assess the asso-
ciated committed effective doses for people of Enewetak,
based on a continuous, long-term chronic uptake of
plutonium. The FTA method was developed at BNL for
analyzing low levels of plutonium in urine (Moorthy et
al. 1988). All plutonium data discussed in this paper were
analyzed by the FTA method at BNL.

MATERIALS AND METHODS

Methods for interpreting urine data and estimating
plutonium dose

The International Commission on Radiological Pro-
tection (ICRP) Publication 56 (1990) provides the age-
dependent dose-coefficient factors (DCF) for computing
internal dose (Leggett 1984, 1985). Due to the long
half-life of **°Pu and its lengthy retention in the body,
the age-dependent ingestion dose-coefficients after 1y to
adulthood show only small variation. They can be
rounded to about 1.0 X 107°® Sv Bq™!, with a gastroin-
testinal tract absorption f; value of 107>. The calculated
uptake dose coefficient is 1 mSv Bq~' (107° Sv Bq~ '+

Table 1 shows the calculated committed effective
dose-coefficients due to uptake based on recommenda-
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Table 1. Comparison of the ICRP recommended plutonium dose
coefficients (mSv Bq ™) for uptake.

ICRP ICRP Constant ratio
Publication  Publication ICRP 67 +
Age-specific groups 56 (1990) 67 (1993) ICRP 56
3 mo 1.4 0.84 0.60
ly 1.4 0.84 0.60
5y 1.1 0.66 0.60
10y 1.0 0.54 0.54
15y 0.98 0.50 0.51
Adult (18 y and older) 0.97 0.50 0.52

tions in ICRP Publications 56 (1990) and 67 (1993), for
calculating dose. The results were obtained by using the
individual ingestion pathway dose coefficients divided
by the recommended f; values. ICRP revised its recom-
mendations for calculating plutonium dose from those
given in Publication 56 to new values in Publication 67
because of (1) the f, value (age 1 y to 70 y) was reduced
by a factor of two (from 11072 to 5X10™%), and (2) the
tissue weighing factor (wp) of the bone surface was
reduced by a factor of three (from 0.03 to 0.01) in ICRP
Publication 60 (1991). The last column of Table 1 shows
the ratio of the values from Publication 67 over those of
Publication 56; it indicates that the plutonium hazard in
the body may be overestimated, and the revised age-
specific dose-coefficients from the latest ICRP recom-
mendations are just above one half of the committed
effective dose values given in Publication 56.

To interpret 24-h urine data, both Durbin’s (1972)
and Jones’s (1985) plutonium urinary excretion function
are the ones most accepted (ICRP 1988; Lessard et al.
1987). Durbin’s predicted elimination rate is much faster
than that of Jones. By using a model with a fast
elimination rate like that of Durbin, an enormous over-
estimation of plutonium body content can result from
long-term post-exposure urine measurements. Therefore,
the Jones function is chosen for this study; its predicted
values (fraction per unit single acute uptake) for a 100-d
and 10,000-d post-uptake are ~10"* and ~1077, respec-
tively. Therefore, detection of 1 uBq of *°Pu can be
interpreted as a committed effective dose as low as 10w
Sv via a 24-h urine sample collected 100 d after an acute
uptake (i.e., 1 mSv Bq ' X 1 uBqd~! + 107*d™}).
Similarly, detection of 1 uBq of 2Py also can be
interpreted as a committed effective dose of 0.1 mSv to
age 70 y after 10,000 d (~30 y) of such an uptake (i.e.,
1 mSvBq™" X 1 uBqd™* +'107° d™"). However, the
accuracy of assessment of the dose would be best if the
plutonium entered in the body by an injection, the
physical size of the particles was 1 activity median
aerodynamic diameter (AMAD), and its chemical solu-
bility was in Lung-Class Y (ICRP 1984).

Method of calculating dose from Enewetak urine
samples

Since the people of Enewetak were repatriated in
May 1980, we assumed for this study that all plutonium
intake occurred after they returned to live in their
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Enewetak homeland. Urine samples were collected in
June 1989 and February 1991. Therefore, the ten years
from 1980 to 1990 gave us a convenient number for
assessing the fraction of the total plutonium uptake over
this period that would be eliminated by the last day of the
period. Only a few methods are available for interpreting
plutonium urine data due to chronic exposure (Butler
1972; Ramsdem et al. 1990). In general, methods of
solving convolution integrals of an excretion function
were suggested for assessing internal uptake resulting
from recurrent or prolonged exposure (ICRP 1969).
Based on Jones’s (1985) urinary functions, an inte-
grated procedure was developed for interpreting 24-h
urine elimination to assess plutonium body burdens
under conditions of constant, continuous, chronic uptake.
Both Jones’s (1985) function and the integrated arithmet-
ics are described in the Appendix. The calculated inte-
grated elimination rate of plutonium in a 24-h urine
sample after a 10-y constant chronic uptake is 2.4X 107,
This constant means that the measured plutonium activ-
ity as a 24-h total represents 0.0024% of that in the body.
Similarly, the calculated 24-h urine elimination rates of
plutonium at the end of 9 and 11 y are 2.5X10~° and
2.3X1073, respectively, under the same conditions of
uptake. Because of the slow rate of elimination of
plutonium from the body, the 9y, 10-y, and 11-y urinary
elimination fractions into a 24-h urine sample do not
differ by more than 5% within an interval of 1 y.
Therefore, when a DCF of 1 mSv Bq ™! is used, each 1
pBq d™' of *°Pu indicates a 0.04 mSv committed
effective dose (ie, 1 mSv Bq™' X 1 uBq d7! =+
2.4X107° d™") to age 70 y for the people of Enewetak.

Urine sample collection protocol

Before 1989, urine bottles (Nalgene™,™ 2.1, high-
density polyethylene) were distributed directly to volun-
teers who collected the samples at home and then placed
their bottles in collection boxes at the seashore to be
picked up the next day. This protocol gave no assurance
that dust and sand was kept out of the bottles, nor was
there any guarantee that the urine in the bottle was from
the donor named on the outside; further, there was no
provision for insuring that the sample represented a 24-h
elimination.

In 1989, a shipboard 24-h urine sample collection
protocol was developed for the Marshallese (Sun et al.
1993). This protocol was designed to minimize the
unwanted contamination and to assure the quality of all
24-h urine samples on ships. The following steps were
instituted: (1) all collection bottles were controlled and
handled on board by registered nurses and authorized
staff; (2) all the Marshallese participants showered and
changed into clean clothes provided by BNL staff and
stayed on board for the entire interval; (3) a collection log
(e.g., name, date of birth, sex, photo ID, urine volume,
and elimination time) was properly completed; and (4)
all samples were acidified at the end of the 24-h
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collection to minimize plutonium plating on the inner
surface of the collection bottle. All samples were col-
lected under uniform, conirolled and monitored environ-
ments to reduce unwanted contamination and to insure a
full 24-h collection.

Table 2 compares the plutonium contents deter-
mined from 24-h eliminations of 32 Marshallese (in
Column 1) for whom samples had been obtained under
both the old on-shore and the 1989 shipboard protocols.
Column two shows the range of **°Pu activity in 24-h
urine, from 10 to 297 uBq. These samples were collected
between 1981 and 1984 using the on-shore collection
protocol described above. Column three shows that only
2 samples (from Subject No. 1 and No. 3) were just
above the MDL (defined at 99% confidence level) of 2
uBq of *°Pu using the shipboard protocol in 1989. The
difference in the paired plutonium contents between
Column 2 and Column 3 can only be explained as due to
external contamination of the samples during on-shore
collections. Hence, Table 2 shows the benefit of the
shipboard protocol and the superior quality of the 1989
urine samples. A disadvantage of the shipboard protocol
is that it requires an overnight stay on the ship, and,
therefore, participation is limited to those people who do
not have pressing domestic responsibilities; this group
generally consists of people between 8-18 y old.

Table 2. Comparison of “**Pu content (uBq) in the urine of 32
Marshallese under two collection protocols.

Subject On-shore protocol Shipboard protocol

No. (1981-1984) (1989)

1 297 2.75
2 175 <2

3 127 2.75
4 125 <2
5 125 <2
6 125 <2
7 119 <2
8 119 <2
9 99.5 <2
10 99.5 <2
11 89.7 <2
12 86.4 <2
13 85.0 <2
14 713 <2
15 71.7 <2
16 68.6 <2
17 61.5 <2
18 60.3 <2
19 53.7 <2
20 51.3 <2
21 48.4 <2
22 479 <2
23 42.6 <2
24 424 <2
25 39.0 <2
26 23.6 <2
27 203 <2
28 16.6 <2
29 16.6 <2
30 12.3 <2
31 11.7 <2
32 104 <2

Information on 1989 and 1991 urine samples

Due to limited facilities on the ship (e.g., beds,
toilets and shower rooms) it was inconvenient to collect
urine from more than 10-12 volunteers per day. There-
fore, groups of males or females participated on alternate
days. On each trip there was a maximum of 80 people
tested because we were also limited by the amount of
food and tap-water available on the vessel. Seventy-two
and sixty-nine FTA were determined for the people from
Enewetak in 1989 and 1991, respectively. In 1989, there
were 39 male and 33 female volunteers; most of them
were teenagers. The average urine volumes of these
males and females were 830 and 820 mL, respectively. In
the past, we found that the range of the 24-h urine
volume from the Marshallese collected using shipboard
protocol was 50 to 3,500 mL (Sun et al. 1993). For dose
assessment, we decided to use data only for individuals
with volumes greater than 300 mL because smaller
samples might not constitute a normal 24-h excretion.

URINE RESULTS

Table 3 shows the distribution of plutonium contents
in the 24-h urine samples. The **Pu values in the
samples were arbitrarily subdivided into eight groups,
ranging from less than 1 uBq to greater than 37 uBq
(Column 1). The MDL associated with these samples
was 2 and 3 uBq, for 1989 and 1991, respectively (Sun
et al. 1995). The statistical parameters shown at the
bottom of Table 3 are the total number of samples (n), the
samples’ mean (x), and the samples’ standard deviation
(s). The calculated x and s values were based on the net
activities, even though some were negative or measured
ZETO0.

1989 FTA resulis

In Column 2 of Table 3, data from 72 people show
that ~90% of the 24-h samples had below 3 uBq d~’,
and none of them was equal to or higher than 7 uBqd™".
The committed effective dose to age 70 y for a 7 uBq
24-h urine sample was estimated to be about 0.3 mSv.

Table 3. Distribution of 2*°Pu activity (uBq d™') and the
corresponding values of statistical parameters (n, x, s) for the
people of Enewetak.

%Py activity in
24-h urine sample 1989 1991
(uBqg) Frequency distribution
x <1 41 17
1=x<3 23 23
I=x<s 5 18
S=x<7 3 4
7T=x<9 0 5
9=x<1l 0 1
11 =x<37 0 0
x =37 0 1*
n = 72 69
X (uBg) = ‘ 1.0 4.7
s (uBq) = 1.7 17

@ This individual value was 146 uBq.



130 Health Physics

The x and s were 1.0 and 1.7 uBq, respectively. The CV
value was 170%, where CV (%) = 100 X (s/%). There-
fore, the calculated effective dose to age 70 y due to
*°Pu is 0.04 mSv (i.e., 1 mSv Bq~'X1 uBq d~! +
24X107> d7") for an average person living on
Enewetak.

1991 FTA resuits

In Column 3 of Table 3, values from 69 people show
that ~40% were above the MDL value of 3 uBq. The %
and s of the 1991 samples were 4.7 uBq d ™' and 17 uBq
d!, respectively. The committed effective dose was
about 0.2 mSv (i.e, 1 mSv Bq~' X 4.7 uBq d™! +
2.4%107° d71). The large standard deviation value is
due to the 146 puBq in the data set. The ¥ and s
recalculated without this value are 2.6 and 2.2, respec-
tively, and the CV values fall from 362% to 85%. In this
case, the estimated effective dose is ~ 0.1 mSv. Individ-
ual urinary excretion data can be highly variable (Clem-
ente and Delle Site 1982; ICRP 1988), and resently it is
difficult to identify the cause of the higher “*°Pu average
in the 1991 results. More urine samples are to be collected
from the individuals to evaluate this suspect issue.

DISCUSSION AND CONCLUSION

In Publication 54 (1988), the ICRP indicated that
monitoring urine for intakes of plutonium, especially for
low levels, can present difficulties in making the mea-
surements and in interpretation. The ICRP recommended
using a series of excretion measurements to evaluate an
individual intake (ICRP 1988). For monitoring or mea-
suring low-level plutonium in an individual, a repetitive
series of urine measurements is required. Furthermore,
for the Enewetak population, environmental measure-
ments, analyses of environment pathways, and dietary
studies also can be used to estimate intake and corrobo-
rate the results of urine bioassay to enhance reliability of
the dose assessment.

The algorithm described in the Appendix was spe-
cifically developed to interpret urine data for assessing
plutonium uptake in the people of Enewetak. The main
limitation of this method is the requirement that the
intake rate is a constant steady state during the integrated
time interval. If the recurrent intake rates were unevenly
distributed over this period, then the dose will be under-
estimated if more plutonium was taken up within the
early half of the integrated time. On the other hand, the
dose will be overestimated if such intakes were greater
within the later half (recent) of the time. In either case,
the uncertainty is within a factor of 2.4 (i.e., 2.4X107° +
1.0X107%), estimated from the Appendix.

Based on both the Jones (1985) urine excretion
function and the ICRP Publication 56 (1990) systemic
retention model for plutonium, and also upon the average
***Pu content in the 1991 urine samples, we calculate an
average **°Pu uptake of 4.7 Bq and a committed effec-
tive dose of 0.2 mSv to age 70 y for an average adult.
This calculation assumed a constant chronic intake and
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included the 146 uBq d™' datum point; its inclusion is
appropriately conservative. The estimated average dose
for the people of Enewetak would be reduced by about
one half if the DCFs of ICRP Publication 67 (1993) were
used.

Again, the dose assessed is a population average,
and the uncertainty, in percent, can be measured from the
mean associated CV. More samples were collected after
1991 by BNL staff for plutonium urinalysis to establish
individual plutonium exposure records after 1991. Al-
though the committed effective dose to the Enewetak
inhabitants from plutonium is low, plutonium is per-
ceived by Enewetak people as being the element of
utmost concern in their environment.
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APPENDIX

This procedure is used to interpret the significance
of levels of plutonium found in a urine sample obtained
after a constant, continuous, chronic uptake. Let /(7)) be
the uptake rate in day ¢, and J(z) be the urine fraction in
t day using Jones’s (1985) plutonium urine excretion
function, as in the following:

J(#) = 0.00475¢ 7555 + 0,000239¢ 042 4
+0.0000855¢ 000380 1 (.0000142¢ 00000284

where all the eigenvalues associated with exponential
terms have a unit of reciprocal days. Then, the fraction of
plutonium excreted after the first 24-h of uptake is

P(1)y=101)xJ(1).
Similarly, plutonium excreted after each 24-h (day) is

P2)=1(1)xJ(2)+1(2)xJ(1); (A2)

P(3)=1I(1)xXJ3)+I(2)xJ(2)+1I(3)xJ(1);
(A3)

P(4)=1(1) X J(4) +1(2) X J(3)+1(3)xJ(2)

+ 1(4) X J(1); and so forth. (Ad)
Therefore,
P(n) =1(1) X J(n) +I(2) X J(n — 1)
+ ..o+ I(n) X J(1). (8)
If
I=I()=1I2)=I13)=I14)=...=1(n)
. ) (A6)
is a constant continuous uptake, then
Pr)y=IX[JO)+JR2)+J3B)+ ... (A7)

n }‘IJ d
+Jn—-1D+Jm)]=1X EJl(t)=1><n><{°——g—)—t,

i=1

where P(n) is the n™ day plutonium excretion in 24-h and
“IXn” is the sum of total uptakes from days 1 to n.
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Hence,

P(n) _fg](t) dt
IXn n )

n(n) = (A8)

So, 1(n) is the fraction of the total uptake of plutonium
to be excreted in the n™ day 24-h urine sample that
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equals the integration sum of Jones’s function from 0
to n days and divided by n. Using Jones’s plutonium
urine excretion function, we calculate 1(3,650) =
2.4 X 107°.



